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MILITARY MEDICINE, 171, 5:448, 2006

Sulfur Mustard-Induced Neutropenia: Treatment with Granulocyte
Colony-Stimulating Factor

Guarantor: Dana R. Anderson, MA
Contributors: Dana R. Anderson, MA*; Wesley W. Holmes, BS*; Robyn B. Lee, MSt;
MAJ Stephen J. Dalal, USA VCI; Charles G. Hurst, MD§; COL Beverly I. Maliner, USA MC§;
COL Jonathan Newmark, USA MC§; William J. Smith, PhD*

Although best known as a blistering agent, sulfur mustard phatic system occurs before bone marrow damage, resulting in
(HD) can also induce neutropenia in exposed individuals, in- an initial reduction in circulating lymphocytes and then neutro-
creasing their susceptibility to infection. Granulocyte colony- phils.I
stimulating factor (G-CSFI and pegylated G-CSF (peg-G-CSF) Hematological data from rats exposed to HD by inhalation
have been approved by the U.S. Food and Drug Administration
as hematopoietic growth factors to treat chemotherapy-in- show consistent leukocyte suppression, primarily a loss of lym-

duced neutropenia. The goal of this study was to determine the phocytes, at 24 hours after exposure. 4 Gold and Scharfd re-

effectiveness of G-CSF and peg-G-CSF in ameliorating HD-in- ported a significant increase in leukocyte counts for guinea pigs
duced neutropenia. African green monkeys (Chlorocebus ae- at 24 hours, followed by a decrease at 48 hours after subcuta-
thiops) were challenged with HD and, at 1, 3, 5, or 7 days after neous exposure to HD. Many chemotherapeutic agents, includ-
exposure, G-CSF therapy (10 Ag/kg per day for 21 days) was ing nitrogen mustard, also induce severe neutropenia," an ex-
initiated. Peg-G-CSF (300 .glkg, single treatment) was simi- cessive loss of circulating neutrophils that leaves patients
laxly tested, with treatment given at 3 days after exposure. susceptible to fever and infection.
Untreated HD-exposed animals recovered from neutropenia 28 Recombinant human granulocyte colony-stimulating factor
days after exposure, whereas G-CSF- or peg-G-CSF-treated an- (G-CSF) is a protein produced in Escherichia coli using recom-
imals recovered 8 to 19 days after exposure (p < 0.05). These binant DNA technology. It is a selective stimulator of pure gran-
results indicate that G-CSF or peg-G-CSF may provide Food ulocyte colonies from normal bone marrow. The most exten-
and Drug Administration-approved treatments that will reduce ulyteoies frmnoral bon marrow. The s een-theduatonof HiD-induced neutropenia. sively studied clinical application of G-CSF has been in
the duration ochemotherapy-induced myelosuppression, where it has been

shown to reduce the duration of severe neutropenia, the dura-
Introduction tion of antibiotic therapy, and the length of hospitalization. 7 The

pegylated form of G-CSF (peg-G-CSF) has a longer half-life and
ulfur mustard (HD) is best known for its effects on epithelial more sustained duration of action than G-CSF.8 Both CSFs are

dos tissues of the skin, eyes, or lungs. However, much of the HD Food and Drug Administration (FDA)-approved hematopoietic
dose passes into the circulatory system, resulting in systemic growth factors used clinically to treat chemotherapy-induced
toxicity.) Included in the systemic targets are bone marrOW and neutropenia. 9-'2 In a cooperative study with Amngen (Thousand

the lymphatic system. Decreases in white blood cell counts were Oaks, California), Navy researchers Meisenberg et al.mgn showed

noted for casualties exposed to mustard during the Iran-Iraq that G-CSF significantly reduced the duration of nitrogen mus-

war.2"3 The bone marrow injury consists of complete depletion of tard-inducedne nian r hesusamonkeys.iHowev ths

the granulocytic sites and degenerative changes in megakaryo- tard-induced neutropenia in rhesus monkeys. However, this

cytes, culminating in aplasia. Leukopenia, an abnormal reduc- treatment compound has not been tested specifically against

tion in circulating white blood cells (primarily lymphocytes and the chemical warfare compound HD. There is evidence in the

neutrophils), may result from bone marrow suppression or from literature of differences in the biological effects and therapeutic

recruitment of leukocytes from the bloodstream to sites of sec- efficacies of treatment compounds, with respect to nitrogen
ondary infections (margination). HD-induced injury to the lym- mustard and HD. Pechura and Rail 4 stated that, although he-

matopoietic depression is observed with HD, its degree and
*Pharmacology Division, U.S. Army Medical Research Institute of Chemical De- frequency are less than with nitrogen mustard. They attributed

fense, Aberdeen Proving Ground, MD 21010-5400. this to a more-direct effect of nitrogen mustard on bone marrow
+Research Operations Division. U.S. Army Medical Research Institute of Chemical when given systemically. In comparing HD and two nitrogen

Defense, Aberdeen Proving Ground. MD 21010-5400.
tComparative Medicine Division. U.S. Army Medical Research Institute of Chemi- mustards, Kindred ' 5 noted that all three compounds tested in-

cal Defense. Aberdeen Proving Ground, MD 21010-5400. duced neutropenia and lymphocytopenia. However, the timing
§Chemical Casualty Care Division, U.S. Army Medical Research Institute of Chem- and extent of these changes differed among the three mustards.

ical Defense, Aberdeen Proving Ground, MD 21010-5400.
Portions of this article were presented at the Army Science Conference, December Rappeneau et al.' 6 tested a variety of compounds against both

2-5. 2002. Orlando, FL, and U.S. Army Medical Research Institute of Chemical sulfur and nitrogen mustard toxicity in bronchial epithelial
Defense Bioscience Review. May 16-21. 2004, Hunt Valley, MD. cells. They found that, even for effective compounds, the level of

The opinions and assertions contained herein are the private views of the authors protection against HD was always weak, compared with that
and are not to be construed as official or as reflecting the views of the Department of against nitrogen mustard. Gray et al.' saw that tacrine therapy
the Army or the Department of Defense.

This manuscript was received for review in September 2004. The revised manu- was significantly more effective in treating nitrogen mustard-
script was accepted for publication in July 2005. exposed thymocytes than HD-exposed thymocytes. For these
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reasons, we thought it would be worthwhile to investigate the concentration of 9.5 mg/mL. Immediately before the intrave-
efficacy of G-CSF for treatment of HD-induced myelosuppres- nous injection, the HD was diluted in saline solution to the
sion. appropriate concentration and injected at 1.0 mL/kg. The HD

Presented here are data on the hematological profile of HD was administered as two half-dose injections, each infllsed over
exposure, with or without G-CSF or peg-G-CSF treatment, for 2.5 minutes with a microprocessor-controlled infllsion pump
up to 30 days after exposure, to determine the efficacy of these (model 200P; Stoelting, Wood Dale, Illinois). The half-time for
compounds in ameliorating HD-induced neutropenia. The ad- hydrolysis of HD in saline solution at room temperature is 30.3
vantage to the Army of testing FDA-approved drugs is much minutes: therefore, each injection was made from a fresh dflu-
faster fielding and deployment of the products should they prove tion. The average time from start of dilution to completion of HD
effective. If neutrophil counts can be returned to control levels injection was 6 minutes. Each mustard injection was followed
sooner, then secondary infections may be reduced. This could by a 1.0-mL saline flush.
ultimately decrease the duration of antibiotic therapy for sol-
diers with secondary infections and the length of patient hospi- I-ID Ranging Study
talization. The initial HD exposures were to establish a HD dose thai

reproducibly induced significant neutropenia (absolute neutro-
Methods phil counts l•'•lCsl of <1,000 cells per/.iLl for ->5 days). Nine

monkeys {n = 3 per dose) were treated intravenously with one of
Animals three doses of HD {0.75, 1.0, or 1.5 mg/kgL to determine the

Fifty-six male African green monkeys (AGMs) (Chloroceb• effects of HD on the hematology profile over time. Blood samples
aethiops), ranging in weight from 4 kg to 7.75 kg, were used in were collected from these animals immediately before HD expo-
this study. In conducting the research described in this report, sure and 3 to 4 days per week lor tip to 5 weeks after lid
we adhered to the Guide for the Care and Use of Laboratory exposure,
Animals by the Institute of Laboratory Animal Resources, Na-
tional Research Council, in accordance with the stipulations G-CSF Evaluation
mandated for an Association for Assessment and Accreditation The goal of this work was to determine whether G-CSF alle-
of Laboratory Animal Care-accredited facility, viates HD-induced neutropenia and how long treatment can be

delayed and still be effective. Recombinant human G-CSF (Neu-Blood Sampling and Processing pogen) was graciously supplied by Amgen, under a Material

AGMs were anesthetized with ketamine (10 mg/kg, adminis- Transfer Agreement, in 1-mL vials at 0.3 mg/mL. It was admin-
tered intramuscularly) and weighed; blood samples (2 mL) were istered subcutaneously at a dose of 10 •tg/kg per day tbr 21
drawn from the saphenous vein into ethylenediaminetetraacetic days. The dose and the dosing frequency selected were recom-
acid-treated tubes and mixed. Samples were then analyzed for mended by Amgen and were in the range of those recommended
complete blood count and cell differential count with a Cell Dyne for use as a chemotherapy adjunct. G-CSF therapy was initiated
3500 hematology analyzer (Abbott Diagnostics, Santa Clara, 1, 3, 5, or 7 days after exposure (n = 4-7 per group). Parallel
California). HD-only and G-CSF-only control groups (rl = 6) were also in-

cluded. A single close of HD (1.0 mg/kg, administered intrave-
HD Exposure nously) was used for exposure. Table I shows the timing of liD

Animals were anesthetized with ketamine (15 mg/kg, admin- administration in relation to the beginning of G-CSF treatment.
istered intramuscularly) and weighed; a 22-guage catheter was Blood samples were collected from animals receiving both lid
introduced into the saphenous vein for HD administration. HD and G-CSF immediately before and 1.3, 5, and 7 days after
(purity, >97%) was obtained from the Edgewood Chemical Bio- exposure (depending on the G-CSF group) and periodically
logical Center (Aberdeen Proving Ground, Maryland). The HD thereafter for 30 days after G-CSF treatment initiation. Blood
working stock solution was made up in absolute ethanol, at a samples were collected from HD control and G-CSF control

TABLE 1

HD EXPOSURE, G-CSF DOSING, AND BLOOD DRAW SCHEDULE FOR EACH OF THE SIX TREATMENT GROUPS

Day after G-CSF (or HD for ttD
Days before G-CSF Control Group)

Treatment Group -7 -6 -5 -4 -3 -'9 - 1 0 1 2 3 4 5 6 7

HD only HD, x ( l 1} x x x x•
G-CSF only G-CSF. x (61 x x x x---,
G-CSF day I HD. x (51 G-CSF. x x x x•
G-CSF day 3 HD. x (7) x G-CSF. x x x x x--,

G-CSF day 5 HD. x (4) x x G-CSF. x x x x x•

G-CSF day 7 HD. x (6} x x x G-CSF. x x x x x--,

HD indicates day of dosing with sulfur mustard: G-CSF. daily G-CSF injections initiated; x. blood sample drawn. All G-CSF dosing l×'gan on day
0. The arrows on the right indicate that daily G-CSF dosing and blood sampling continued, as described in the text. The sample size tot each

group is given in parentheses.
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450 HD-Induced Neutropenia

animals immediately before HD or G-CSF administration and A
periodically thereafter for 30 days. 10o -WBC

Pegylated G-CSF Evaluation -o- ANC

Pegylated recombinant methionyl human G-CSF (Neulasta) " --- Lymph
was also provided by Amgen, under a Material Transfer Agree-
ment, in 1-mL vials at 10.0 mg/mL. It was administered sub- -n .
cutaneously once at a dose of 300 ±g/kg, as recommended by
Amgen. Peg-G-CSF therapy was given 3 days after exposure (n =
6). Three AGMs receiving HD only and three receiving HD plus
G-CSF beginning 3 days after exposure were studied in parallel 0.1

with the peg-G-CSF-treated animals. A single dose of HD (1.0 0 5 10 1'5 2'0 25 30
mg/kg, administered intravenously) was used for exposure.
Blood samples were collected from animals receiving HD plus Day Post HD Exposure

peg-G-CSF or HD plus G-CSF immediately before and I and 3
days after exposure and periodically thereafter for 30 days after B
treatment initiation. Blood samples were collected from HD-only 10

animals immediately before HD exposure and periodically there- O __WBC
after for 30 days. -o--ANC

1 Lymph
Data Analysis

One-factor analysis of variance was used, followed by Tukey's
multiple-comparison test if significant treatment group or study 0o.1
day differences were observed. All statistical tests were con-
ducted at the a = 0.05 level.

0.01

Results lo 1' 15 20 25 3o 35

HID Ranging Study Day Post HD Exposure

Figure 1 shows the average hematological profiles (total white
blood cells, neutrophils, and lymphocytes; n = 3 per dose) for c
the animals receiving 0.75, 1.0, and 1.5 mg/kg HD. The lym-
phocyte counts reached a nadir of 570 cells per AL (79% de- lo-
crease) for 0.75 mg/kg, 460 cells per AL (78% decrease) for 1.0 -*-WBC

mg/kg, and 133 cells per AL (93% decrease) for the 1.5 mg/kg - ANC
HD dose -4 days after exposure. A reduction in lymphocytes 7 --- Lymph

(-70%) was typically observed 1 day after exposure. The ANC 0
nadir was typically reached 7 to 9 days after exposure and was *i 1
354 cells per jL (86% decrease) for the 0.75 mg/kg dose, 68 cells 0

per AL (97% decrease) for the 1.0 mg/kg dose, and 8 cells per jiL 0.01
(99.7% decrease) for the 1.5 mg/kg dose. As discussed below,
the 1.0 mg/kg intravenous dose of HD was selected for the
remaining studies, based on the degree and duration of neutro- 0 5 10 15 20 25 30 35

penia. Day Post HD Exposure

Fig. 1. Leukocyte counts in AGMs exposed to HD. (A) Data for 0.75 mg/kg HD,
G-CSF Evaluation administered intravenously. (B) Data for 1.0 mg/kg HD, administered intravenously.

Animals were challenged with 1.0 mg/kg HD, administered (C Data for 1.5 mg/kg HD, administered intravenously. WBC, total white blood cell
count; Lymph, lymphocytes. The horizontal dashed lines denote our neutropenia

intravenously, and G-CSF treatment was initiated 1, 3, 5, or 7 criterion for dose selection (< 1,000 cells per ,gL).

days after exposure. In Figure 2, the ANC values for the four
treatment groups, relative to the two control groups (HD only recovered 8 to 19 days after exposure (Fig. 2). The duration of

and G-CSF only), are shown. Table II shows that the ANC nadir neutropenia and severe neutropenia (i.e., the number of days
was typically reached 5 to 9 days after exposure. The nadir for with ANC of < 1,000 cells per AL or <500 cells per tLL, respec-

animals receiving G-CSF beginning at I day (372 cells per 1L) tively) for each treatment group is shown in Table II. G-CSF
was observed on day 5. It can be seen in Table II that, the longer treatment significantly (p < 0.05) shortened the duration of

treatment was delayed, the lower was the nadir. All G-CSF neutropenia, relative to untreated animals.
treatment groups recovered from HD-induced neutropenia
faster than did the untreated control animals (HD only). Un- Pegylated G-CSF Evaluation

treated animals did not recover from HD-induced neutropenia In this experiment, peg-G-CSF was administered subcutane-
until day 28 after exposure, whereas the G-CSF-treated animals ously once at a dose of 300 /g/kg, on day 3 after exposure (o =

Military Medicine. Vol. 171. May 2006
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t cly c s Ot-H thought this critical study was justified. In addition, we evalu-

10. - C s t-D ated peg-G-CSF. Results from this study demonstrate that G-
CSF and peg-G-CSF are both effective in ameliorating HID-in-

Z I- duced neutropenia.

- ... y 1 p•t-FJ The first objective of this study was to determine a (lose of l ID
-H4iy that induces neutropenia (defined here as ANC of < 1,000 cells

0o1 -,-- GcSFcsry per AL, to maintain consistency with the work by Meisenberg et
al. 13) for at least 5 consecutive days. The lowest dose tested (0.75

o o mg/kg) (Fig. IA) did not suppress the neutrophil counts consis-
tently below the neutropenia level. With the 1.0 mg/kg dose (Fig.

-8 -4 0 4 8 12 16 20 24 28 1B), neutrophil counts were below the neutropenia level from

'fme (ys) After GcSFTherry day 7 to day 25 after exposure. With the highest close of HI), 1.5

Fig. 2. ANCs in AGMs exposed to HD (1.0 mg/kg, administered intravenously) at mg/kg (Fig. IC), neutropenia extended from day 7 to (lay 30
various intervals before beginning G-CSF treatment (day 0 indicates start of G-CSF after exposure and the ANC dropped to dangerously low levels
treatment). G-CSF treatment was 10 Ag/kg, administered subcutaneously daily for (ANC of < 100 cells per tLL) for several days, as a result of the
21 days. The horizontal dotted lines denote significant (<1.000 cells per gL) or severe bone marrow suppression. For this reason, the 1.0
severe (<500 cells per AL) neutropenia. mg/kg dose was selected for use in the G-CSF evaluation. In

comparison with the rhesus monkeys in the study by Meisen-
6). Control groups (HD only and HD/G-CSF: n = 3) were also berg et al.13 with nitrogen mustard, the AGMs used in the cur-
studied, and these data were pooled with the previous data. The rent study had a longer period of neutropenia 123.5 days for
ANC for peg-G-CSF-treated animals responded very rapidly to untreated HD-exposed animals vs. 6.3 days for rhesus mon-
treatment but dropped to a nadir at 7 days after exposure (Fig. keys). Unfortunately, it is not possible to determine whether this
3). It is noteworthy that the mean ANC nadir was higher for the is a species difference, a result of the different mustards used, or
peg-G-CSF-treated animals (704 cells per AL) than for the G- a combination of these two factors.
CSF day 3 group (358 cells per AL) and HD-only animals (143 In the main portion of the study, we wanted to determine
cells per .L) (Table II and Fig. 3). The mean ANC then increased whether G-CSF would alleviate HD-induced neutropenia, as
above the 1,000 cells per jL neutropenia level on day 10 but well as how long the treatment could be delayed and still main-
fluctuated around that level through day 28. Although the cor- tain efficacy. It can be seen in Figure 2 that G-CSF effectively
responding G-CSF-treated animals did not recover from neutro- alleviated HD-induced neutropenia. All of the four treatment
penia until day 12, the ANC for those animals continued to groups recovered from neutropenia faster than did the HD-only
increase for the duration of treatment (Fig. 3). control group and returned to baseline ANC levels faster than

did the untreated control animals. However, it is not possible to
Other Hematological Parameters statistically discriminate among any of the four treatment de-

Figures 4, 5, and 6 show the effects of HD exposure on lym- lays (1, 3, 5, or 7 days). The 7-day animals had effectively
phocyte counts, red blood cell (RBC) counts, and platelet reached their ANC nadir when treatment began, and these an-
counts, respectively. All of the G-CSF treatment groups were imals immediately began to recover from neutropenia after
pooled in these figures. Lymphocytes were the most rapidly treatment initiation. The ANC nadir for each of the other groups
affected (Fig. 4), showing a dramatic decrease within 1 day after was reached after G-CSF treatment was initiated, but recovery
HD exposure and reaching a nadir 3 to 5 days after exposure. from neutropenia for each group was faster than that for un-
The pronounced fluctuations in the HD/G-CSF data in the first treated animals. These results were comparable to the observa-
days after HD were attributable to the lymphocyte responses to tions of Meisenberg et al.' 3

the various treatment delays. RBC levels (Fig. 5) remained fairly Interestingly, concomitant with a marked decrease (--70%) in
constant for 8 to 10 days after exposure, after which they lymphocytes observed 1 day after exposure, there was usually a
steadily declined until reaching a low point 17 to 28 days after transient increase in ANC. Despite this initial influx of neultro-
exposure. The reduction in platelet numbers (Fig. 6) was very phils, the ANC began to decrease by day 4, reaching the nadir 5
dramatic and temporally lagged slightly behind the drop in neu- to 9 days after exposure. A second spike in ANC was generally
trophils. HD induced severe thrombocytopenia (-90% decrease) observed - I day after the start of G-CSF administration. This
9 to 11 days after exposure for all exposure groups. Platelet rapid post-G-CSF spike is thought to be attributable to the
counts returned to baseline levels by 16 to 19 days after expo- release of reserve neutrophils/precursors from the bone marrow
sure. (left shift). After reaching a nadir 5 to 9 days after exposure, the

G-CSF-treated animals recovered significantly faster from neu-

Discussion tropenia than did their untreated cohorts. The group with the
shortest duration of neutropenia, the day I group (ANC of

The primary goal of this study was to validate the recommen- < 1,000 for 6.2 days) (Table II), was treated at the time recom-
dation by Meisenberg et al." for the use of G-CSF against HD- mended by the American Society of Clinical Oncology for G-CSF
induced neutropenia. Their recommendation was based on a used as a chemotherapy adjunct. 11 In a military setting, it may
study using only nitrogen mustard. Because there have been not be possible to initiate treatment 1 day after exposure: there-
several examples in the literature of treatment compounds that fore, the other treatment delays were also evaluated.
were effective against nitrogen mustard but not HD,14 ' 6'17 we For the evaluation of peg-G-CSF, the single treatment iniec-
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452 HD-Induced Neutropenia

TABLE IH

MEAN ANC NADIR, DAYS AFTER HD TO NADIR, AND DURATION OF HD-INDUCED NEUTROPENIA ACCORDING TO TREATMENT GROUP

Mean No. of Days Mean No. of Days
Mean ANC Nadir Days after HD with ANC of with ANC of

G-CSF Treatment Group Sample Size (Cells per QL) to Nadir <1000 cells per ML <500 cells per pL
Day 7 6 254 7 8.8" 5.5"
Day 5 4 275 9 141 11.3"
Day 3 7 358, 7 10.4" 7.7"
Day 1 5 372" 5 6.2" 4.0"
Peg (3 day) 5 702" 7 13.8" 6.6"
HD only 11 143 7 23.6 18.3

"Significantly different from HD only.

-0-- 4Opsg.G-CSF
10. -0- H[YGCSF

-a-HOIG-CSF
7_---- HD only

-- HD only
s-.- GCSF only

U

0.1 4

0 10 S 20 25 3ý0 31

Day Post HD

Fig. 3. ANCs in AGMs exposed to HD (1.0 mg/kg, administered intravenously) on 0 5 10 15 20 25 30
day 0 and treated with G-CSF (10 g•/kg. administered subcutaneously daily for 21 Day Post HO Exposure
days) or peg-G-CSF (single 300 pg/kg subcutaneous injection) beginning on day 3 Fig. 5. Effect of HD on average RBC counts in AGMs exposed to HD (1.0 mg/kg,
after exposure. The vertical dotted line denotes the initial G-CSF treatment. The Fig. 5.tEffeofsHD on a ag 0 cntsia eed to HO (1.0 mg/kg.administered intravenously) on day 0 and treated with G-CSF (10/.pg/kg, adminis-
horizontal dotted lines denote significant (<1,000 cells per AL) or severe (<500 tered subcutaneously daily for 21 days). The G.CSF-only group was not exposed to
cells per gL) neutropenia. HD.

10-

-I0GCSF 100GCSF

H--- t-Oonly
--- GCSF only coS• -- G-- GC:SF only

0.1
0 ~100

01- 10-

10 1'5 20 25 0 5 10 1'5 20 215 30

Day Post HD Exposure Day Post HD Exposure

Fig, 4. Effect of HD on average lymphocyte counts in AGMs exposed to HD (1.0 Fig. 6. Effect of HD on average platelet counts in AGMs exposed to HD (1.0 mg/kg.
mg/kg. administered Intravenously) on day 0 and treated with G-CSF (10 Mg/kg, administered intravenously) on day 0 and treated with G-CSF (10 Ag/kg, adminis-
administered subcutaneously daily for 21 days). The G-CSF-only group was not tered subcutaneously daily for 21 days). The G-CSF-only group was not exposed to
exposed to HD. HD,

tion was given 3 days after exposure. This delay interval was
selected as a realistic time frame in which a soldier exposed on the American Society of Clinical Oncologists as severe neutro-
a battlefield could be transported to a medical facility and eval- penia (<500 cells per pL). The peg-G-CSF ameliorated the HD-
uated and treatment begun. The caveat with this dosing delay is induced neutropenia as fast as or faster than G-CSF, but the
that, as with G-CSF, treatment with peg-G-CSF 1 day after effect was not fully maintained. The mean ANC for the peg-G-
chemotherapy is the most effective timing for decreasing the CSF-treated group fluctuated around 1,000 cells per /L from
severity and duration of neutropenia.' 9 Treatment with peg-G- day 10 through day 21 after HD (Fig. 3). With pegylation of the
CSF 3 days after HD resulted in a mean ANC nadir (702 cells per molecule, renal clearance is minimized and neutrophil-medi-
AL) that was not nearly as severe as that seen in the HD-only ated endocytosis is the predominant route of elimination, which
group (143 cells per QL) or with daily G-CSF treatment (254-372 gives peg-G-CSF a much longer circulating half-life than G-CSF.
cells per QL) (Table II). This is a significant benefit over the Therefore, the biological effect of peg-G-CSF is prolonged in a
standard G-CSF therapy, because the mean ANC for the peg-G- neutropenic condition, and the drug is slowly eliminated as
CSF-treated animals never dropped to the level characterized by neutrophil numbers increase.8 This self-regulating design of
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peg-G-CSF may be providing a sufficient number of neutrophils 2. Pairser G, Alloy A. Carvana M, et a]: Lethal inrtoxicatiori fly wargascs oil Iranian

to combat infection in this species. In clinical applications, peg- soldiers: therapeutic interventions onl suirvivors of rniustarit gas and rrycotoxrrr
G-C F i gienonc pe chmoherpy ycl ad povies e- innrersion. ]In: Proceedings of the First Worldl Congress: New I orrrl oriris in
G-CS isgivn one pr cemoheray ccleand rovdesre- Biological arid Chemtical Warfare: Toxicological Evalurationr, fit 3A1- 51. (;tvir'r,

suits comparable to --11I daily doses of G-CSF. 20 .21 By 10 days Belgiumr. Facility of Pharriacerrtical Sciences, State Unriversity of liteirt. arnt the
after exposure, these peg-G-CSF-treated AGMs were well posi- National Science Foundation of Belgiumri 1984.

tioned for follow-up therapy. In this study, only one dose of 3. Mandl 1t. Freilinger G: First retort onl victinis ruf cierriical wariare finth f',ilefu War

therapy was given. In addition to the less severe neutropenia, treatedt in Vienna, In: Proceedings ofi thre First World corngress; New Compiounuirds
in Bliological and Cherrical Warfare: Toxicological Evalrrationr, pp1330 401.G(iernt.

another noteworthy advantage of peg-G-CSF is the sustained Belgiurr. Facility oif Pharrraceirticat Scienrces, Stite Unriversity ofGltierit, arid the
effect with a single treatment. National Science Fourndatiron of B~elgiumr. 1984.

In a clinical setting, the use of hemnatopoictic growth factors 4. Merz DF. Anderson DR: Cytoprolective effect of rrresria treatrmernt tiu srulfrrr rrrrs

such as G-CSF and peg-G-CSF allows clinicians to reduce the tarit ItHD) irnducedt lung inj~ury. FASEI3, 2001: I5: A925.
impct f eutopeiawithout the need to modify chemotherapy 5. Gold MB, Scharf 13: I tirratological profile of ithre crrtiyrinic hairless guinlea Pig

impact f neutopeniafollowing surlfure rrrrstarrt vesicanrt e~xposrrre. J1 AppI Toxirol 1995. 15: 433- 8.
doses as a result of myelotoxicity.22 Higher doses of chemother- 6. Meiseriberg BR. D~avis TA. Melaragiro AJl, Steal] R,. Moriroy RI. A coirrrlarsori if

apy agents can be used, increasing the odds of success, when therapeutic schedunles for admnriistering grariiilocyte cilori-srirriilatiig fanctorito

these growth factors are used as an adjunct. In his exhaustive norilirrnian pirimrates after high-dose cteir'rotticrapy. Bltoodt 1992: 791: 22617-72.

work describing casualties from the Iran-Iraq conflict, Willems2 3  7. Taharca [A: Grainuloicyte colon iy-stiriurtlalirighactiir. South lMurtI 199(3:'861:35(1 5.
8. Zarrihori WC; Pliarniacokirretics oif tpegfilgrastirri. l'tarrracuittiralpy 200(3:. 23:1

noted that HD casualties with ANCs of <200 had extremely high 9S- 14S.
mortality rates: therefore, recognition and prompt treatment of 9. Broictrird MH. Scarife JIl. Trhatchcr N. ct al: Phiase I/It stiudy of recorithiirari

neutropenia are paramount. hurniani grarnulocyte colony- stirrirlatirig factore iii patienrts receiving intensive clii

HD exposure also had profound effects on cell types other inrotlierapy for sirralt cell lung carrier. Br J Canicer 19187: 5Ai: 809.

than neutrophils, including lymphocytes, platelets, and RBCs. 1 0. Morstyri G, Souiza LM, Kr'rch J1. et al: Effect ouf grartiirtc vie' cuilonrry stirrirlaririg
factor oil neutropeuria iniduicedt try cytotrixic chemrotherapyv. Crrect 19188: 1: 66(7.

G-CSF treatment did not have any effect on these cells or their 11. Welte K. Boniilla MA. (larhilove IL. et at: Recominrianirt hurrmarn grarnilicyte cioloriy

recovery. The chronology of hematological effects shows that stimurlatinig factor: iii vitro arid iii vivo ieffects onl uriy'luipoiisis. Biloodi('Cells 19187:

lymphocytes are the first cell type to show a decrease in num- 13: 17-30.

bers, followed by neutrophils, platelets, and RBCs. Sidell and 12. Cr-awford J. Georgte M: Thie role ot hieriatopoii'tic grorwni tactors iii suppoxrt of itirsa
ri~ide/cýarthoplatiri/etopo~siite clir'rrotherapy. Serrinr Oricol 199(5: 22lSuptpl 7): I8 22.

Hurst24 reported a similar chronology following mustard expo- 13. Meisenberg BR. Monriry RL, Metaragiro &J: Graniulocyte' corlonry stirriiilatliig factori
sure in a review of clinical reports of battlefield exposures, as did IG-CSFI for yorrstard-irrducedt hone riracrrw suppiressiorn, Milit Mert 1991(: 158:
Willems. 23 As Meisenberg et al. 13 reported and as corroborated 470-4.
here, the drop in lymphocytes is predictive of impending neu- 14. Pectrura CM. RaI DP (editors): vetiranis at Risk: Trhe tHealtth E~fetis, of Mirstarid

tropenia. Platelet counts should also be carefully monitored, 15Gas anid Lewvisite. Washington. DC, National Academiy Press. 199(3.
1.Kirndredt JE: 'Mhe biloodt cells and tieriurlpoir'tic arad otherr organs (if (logs givenr

because rather pronounced thrombocytopenia was generally intravenous injections of 2-chloroiethyl vesicarits. Arch Paitrir 19149: 47: 378-198.

seen. Although there have been reports of G-CSF exacerbating 16. Rapperieaii S, Baeza Sqirlibari A, Maranro F, Calvet J1: EIificrii pirotectioni iol

thrombocytopenia,15.26 that did not appear to be the case in this hurnian hronichial epithelial cells against sulfur rmurstardt ainit nitrogen riustardt

study, because there were no significant differences (p > 0.05) in cytotoxicity rising drnug corihurratiorrs. Toxicol Set 20(10: 58: 153-11(0.

platelet counts for any of the HD-exposed groups. Harker et al.27 17. Gray P. le~wis K. Masta A, Phillips D): Modurlationi of irirstarut toixicity bry racriric,
Bioicherri Pharniacot 1904: 47: 581-3.

described a combination of pegylated recombinant human 18. Ozer H, Aroritagi' .10 Benneitt CL. ei al: 20(W( upidate of reccuinrrriciratioris Ior ftlrc
megakaryoc~yte growth and development factor in combination use. of hemnatopoictic colony stimrulataing faitoirs: evtidence based, clinical pracri

with G-CSF as a treatment for hepsulfam-induced thrombocy- Cat guidielines. J Cliii Oricot 200)0: 18: 3558-85.
tpnaand neutropenia. 19. Bartley C, McElroy T, Sunrdrerlandt W, Moirtrearix (G: Treatrmernt with SI)/(1I rrla

topenia~ ~ Jy tocuritherapy in trurce. #Abstc E~xp fitrinatirl 2000(: 31 t :131.
In conclusion, these results indicate that both G-CSF and 20. tMivcenski JW. Sliogari JE: Maximiizinig the ourtcomres fii cancer piatrirnts recrivirng

peg-G-CSF may provide a FDA-approved treatment that can cherrothierapy through optirrial rise- of cotorry-stirriiititirg factor. .1 Maniage ('arc

reduce the duration of HD-induced neutropenia. Treatment Phariri 2003: 9lSrrppl): 10 -4.

with either of these compounds could ultimately decrease the 21. Crawford J: once per cycle pegfilgrastirri INeirtasral for ritre riraragerrvilrir f die-
of atibitictherpy or csuatieswithsecndar in 22.rrrthrerapy-irrducerl rieltropenia. Serniri Orient 2003: 3olSuppl 13): 24-:30.

duration Bfatboi hrp o auliswt eodr n 2 irorichiut MIB: The imrportanrce of (tiose in cancer chierrotherapy arid fll- role of
fections, leading to increased survival rates and reduced length hertratopoietic growth factors. Ini: Filgrasrinr lr-rinerttrG-CSFI iii Clinical P'ractice,

of patient hospitalization. The facts that G-CSF and peg-G-CSF pp 165-209. Edited by Morstyi G. De~xter TM, Foore M. New Yrork. Marcel D~ekker,

are FDA approved for a closely related clinical application and 1998.

are commercially available could ultimately reduce the time for 23. WillerrisIL: Clirnical riranagerricrit rot nuirstarit gas casualties. Ann Mert Mitit IlcIg
1989: 3: S1-61.

fielding a product that could be beneficial in the medical man- 24. Sidell FR. tBirst CG Cinical courisdreratiorns lin nirrstarut poisonrling. lIn: Chemicical
agement of HD casualties. Warfare Agents. pp 5I-66. Erditedt try Sorirari SM. Sari D~iegor, CA, Acadtirmic

Press. 19192.
1~~1A.~~+ 25. Russell AR. Davies EG. Ball SE, Gorhrir-Srinitli E: Giranurlrcyte culoitir stimrurlatirig

Acknowledgmnents factoir treaurirent for neonatal rieirutrperria. Arti 1)is Chuildt Ftrral Neronatal Erd

We recognize the outstanding support of the veterinary technicians of 1995:' 72: 53-4.
the Comparative Medicine Division who assisted with tbis work. 26. Molirreauix G. tDexter TM: Biorlogy of G 1CSF lit Filgrastirr (r iner'tttrr CSFI in

Clinical Practice, ppl 1-39, Edlitert try Miurstyri G. lrxterrTM. Foorre M. New Yrork,
Marcel Dekkcr. 1998.

References 27. Htarker LA. Mar/.ec UIM. Kelly AB. et al: Prevention rrf tlrhrrnisriytrrlsiia arid
neritropernia iii a nirfunrrniari prurratc rirrirel of rrarrrrw sruppressive~ chmt herirtrapry

1.'apinrreister BI. Feister Al. Robinsorn SI. Fordl RD: Medical [Defenrse Against try Combnrinrrg peffelaneil recomintrrarnt huirinanr rregakarvrrcvie grrowtht arir rlevel
Mustard Gas: Toixic Mectrarisnirs annu Pharnriacrrlogical Imoplications. Boca Ratoni. rupirreo factoc alirt recomrbirrarnt hunranai graruloctiye corlonry stimuirlat(ing factrur.
FtL. CRC Press. 1991. Blloord 1997: 89: 155-615.

Military Medicine. Vol. 17 1. Mayh 2006


